This research determined the concentration of trehalose, xylose and L-citrulline in fresh 21 and fermented cucumbers and their utilization by Lactobacillus pentosus, Lactobacillus 22 fermentation. L-citrulline, however, is an amino acid not naturally found in proteins, was 43 detected in all the samples tested and was uniquely utilized by the spoilage associated bacterium, 44 L. buchneri. Additionally, the bacteria involved in cucumber fermentation produced L-citrulline. 45 It was observed that the use of L. pentosus, L. brevis and L. buchneri in a mixed starter culture aids 46 in the removal of the alternate energy sources, including L-citrulline, and the generation of a 47 48 49 Keywords: trehalose; xylose; citrulline; lactic acid bacteria; cucumber fermentation; metabolism 50 65 in the traditional Indian vegetable fermented products gundruk, sinki, and kalphi (6). It has been 66 postulated that the utilization of alternative energy sources in cucumber fermentation supports 67 the growth and metabolic activity of spoilage associated microbes such as L. buchneri (4). 68 The lactobacilli typically prevailing in cucumber fermentations such as L. pentosus and L. 69 plantarum are notorious for their ability to utilize a variety of carbon sources (7, 8, 9). 70 Lactobacilli species have been used as functional starter cultures for fermented food products 71 such as plant-derived foods, meats, wine, cheese, beer and sourdough. L. plantarum NCIMB 72 8026 is able to utilize ribose, xylose and L-arabinose in the presence of glucose (10). A group of 73 5 185 L. plantarum strains was found to utilize D-trehalose (11). A substantial number of 74 Lactobacillus casei, L. plantarum, Lactobacillus buchneri and Lactobacillus brevis strains are 75 able to grow on D-trehalose and D-xylose (12). 76 We hypothesize that utilization of alternative energy sources by the organisms prevailing 77 in cucumber fermentations, including L. pentosus, L. plantarum and L. brevis hampers the ability 78 of spoilage-associated microbes, such as L. buchneri, to derive energy for growth and/or metabolic 79 activity post-fermentation. In a previous study, we observed that while the disaccharides cellobiose 80 and gentiobiose can be utilized by several lactic acid bacteria (LAB) in fermented cucumber 81 juice (FCJM) at pH 4.7, the concentration of such disaccharides that is freely available in fresh 82 and fermented cucumbers is less than 10 µM (13). This study evaluates the intrinsic 83 concentration of trehalose, xylose and L-citrulline in fresh and fermented cucumbers and 84 determines the ability of certain LAB to utilize such compounds in FCJM to simulate conditions 85 post-primary fermentation. 86 Trehalose is a disaccharide composed of two glucose units joined by an α-α, (1,1) linkage 87 produced by organisms (14). Although, some non-lactic acid producing microbes such as 88 Escherichia coli and Saccharomyces cerevisiae can synthesize trehalose, most of the literature 89 recognizes the ability of a wider spectrum of microbes capable of transporting and utilizing the 90 disaccharide (15). Trehalose is known to accumulate up to 12% of the plant dry weight, in 91 cryptobiotic species, and impart stress tolerance, particularly drought (16). Bacteria that are 92 freeze-dried in the presence of trehalose recover significantly better that those treated with 93 sucrose and retained viability even after extended exposure to high humidity (14, 17). Given that 94 trehalose lacks reducing ends, it is resistant to heat, extreme pH and the Maillard's reaction, and 95 stabilizes biological structures under stress (16). Trehalose forms a glass-like structure around 96 6 biological membranes and enzymes after dehydration (18). 97 Xylose, a pentose sugar, is metabolized by several LAB via the Phosphoketolase Pathway 98 and, in some cases, via the Embden-Meyerhof Pathway (19, 20, 21, 22, 23, 5, 24). The pentose is 99 transported by L. pentosus via a phosphotransferase system involving the enzymatic products of 100 xylP and xylQ through the EII MAN transporter system (23). Proteomic analysis of L. brevis 101 suggests the metabolism of xylose alone or concomitantly with glucose to proceed 102 heterofermentatively (25, 5). L. brevis cells supplemented with xylose alone or glucose and 103 xylose express the xyl operon (25). However, L. plantarum strains able to ferment pentoses have 104 been found unable to grow in culture media supplemented with xylose (26, 10). A group of 185 105 L. plantarum strains were found to utilize D-trehalose, but not xylose (11). Xylose utilization by 106 L. plantarum has been observed by co-inoculating two or more strains in MRS supplemented 107 with the sugar (11). It is speculated that carbohydrates may be co-metabolized by L. plantarum 108 with different purposes. 109 L-citrulline is a non-protein α-amino acid first isolated from watermelon in 1914 by Koga 110 and Ohtake and identified in 1930 by Wada (27). The physiological level of L-citrulline in 111 cantaloupe, cucumbers and pumpkin is 22.23 ± 3.69 mM (28). L-citrulline is involved in the 112 detoxification of catabolic ammonia, in the production of the vasodilator, nitric oxide, and the 113 precursor of arginine in the kidney of mammalians (28). In plants, L-citrulline has been 114 associated with protection against oxidative stress, particularly during periods of drought (29). L-115 citrulline can be used as an alternate source for the generation of ATP by bacteria when 116 fermentable carbohydrates are insufficient in the environment (30, 31). Some LAB produce L-117 citrulline from the degradation of arginine allowing the α-amino acid produced to be consumed 118 by other lactobacilli (32). In the conversion of L-arginine and water to L-citrulline and ammonia 119 7 via arginine deiminase (arcA), L-citrulline is phosphorylated to form L-ornithine and carbamyl 120 phosphate via the ornithine transcarbamylase (arcB). Carbamyl phosphate and ADP react to 121 form ATP, carbon dioxide and ammonia via the carbamate kinase (arcC). Thus, the catabolism 122 of arginine can be used by LAB to derive energy in the form of ATP, particularly in the absence 123 of sugars in acidic environments (33, 34, 30, 31). The conversion of ornithine into the biogenic 124 amine putrescine and L-citrulline and/or carbamayl-phosphate to ethyl-carbamate, a carcinogen, 125 in the presence of ethanol are two of the undesired consequences of arginine catabolism in 126 fermented foods. However, the production of ammonia induces an increase in the extracellular 127 pH (35, 33, 30). 128 In this study, we determined the concentrations of trehalose, xylose and L-citrulline in 129 fresh cucumbers and cucumber fermentations using HPLC analysis. The ability of L. plantarum, 130 L. pentosus, L. brevis, and L. buchneri to utilize trehalose, xylose and L-citrulline was also 131 determined using FCJM to mimic conditions at the end of cucumber fermentation. Furthermore, 132 the ability of L. buchneri to utilize L-citrulline in the presence and absence of glucose was 133 conducted. To better understand the interactions of the LAB in cucumber fermentations we 134 observed the changes in the biochemistry, pH and colony counts in co-cultures of LAB inoculated 135 in fresh cucumber juice (FrCJ) medium and FCJM supplemented with xylose, trehalose and L-136 citrulline. 137 138
plantarum, Lactobacillus brevis and Lactobacillus buchneri. Targeted compounds were 23 measured by HPLC and the ability of certain lactobacilli to utilize them was scrutinized in 24 fermented cucumber juice. Fresh cucumber juice was supplemented with trehalose, xylose and 25 L-citrulline to observed mixed culture fermentations. Changes in the biochemistry, pH and 26 colony counts during fermentations were monitored. Trehalose was detected in fermentations to 27 15.51 ± 1.68 mM. Xylose was found in a fresh cucumber sample to 36.05 mM. L-citrulline was 28 present in fresh and fermented cucumber samples to 1.05 ± 0.63 mM. Most of the lactobacilli 29 tested utilized trehalose and xylose in FCJM at pH 4.7. L-citrulline was utilized by L. buchneri 30 and produced by other LAB. L-citrulline (12.43 ± 2.3 mM) was converted to ammonia (14.54 ± 31 3.60 mM) and the biogenic amine ornithine (14.19 ± 1.07 mM) by L. buchneri at pH 4.7 in the 32 presence of 0.5 ± 0.2 mM glucose enhancing growth by 0.5 log CFU/mL. The use of a mixed 33 starter culture containing L. buchneri aided in the removal of L-citrulline and enhanced the 34 fermentation stability. The utilization of L-citrulline by L. buchneri may be a cause of concern for 35 the stability of cucumber fermentations at pH 3.7 or above. This study identifies the use of a 36 tripartite starter culture as an enhancer of microbial stability for fermented cucumbers. 37 38 Importance: Utilization of trehalose, xylose and L-citrulline as energy sources by the 39 indigenous cucumber microbiota was studied to determine if this was a cause for the spoilage of 40 the fermented fruit. While the plant derived sugars, trehalose and xylose, were occasionally 41 present in cucumber fermentations, they are readily utilized by the bacteria spearheading primary 42 stable cucumber fermentation for 55 days under anaerobiosis.
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The utilization of glucose and fructose by Lactobacillus pentosus and Lactobacillus 52 plantarum is the main biochemical conversion in cucumber fermentation. The transformation of 53 sugars to lactic and acetic acids is typically monitored using HPLC and changes in pH in 54 research laboratories and the industrial setting, respectively. Other compounds that could serve 55 as energy sources for microbes are present in fresh and fermented cucumbers. Sucrose and 56 xylose were extracted from cucumber mesocarp and endocarp (1, 2, 3) . Rhamnose, fucose, 57 arabinose, mannose, galactose, and galacturonic acid have been extracted from cucumber 58 mesocarp at concentrations between 0.1 and 7 mM and found not to change as a function of 59 tissue softening induced by heating or fermentation (2). The concentrations of L-citrulline, 60 trehalose, cellobiose, xylose, lyxose, gentiobiose, furfural, and lactic acid were found to change 61 in anaerobic fermented cucumber spoilage by L. buchneri using two-dimensional time of flight 62 mass spectrometry (4). L-citrulline, D-trehalose, and D-cellobiose are utilized by L. buchneri prior 63 to fermented cucumber spoilage characterized by lactic acid degradation (4). Cellobiose, 64 trehalose, and gentiobiose have also been found in traditional pickles in Sichuan, China (5) and vessels were obtained from a local processor. The corresponding fermented cucumber samples 143 were collected on days 3 and 38 of fermentation together with the fermentation cover brine in a 144 50:50 ratio. Fresh and fermented cucumbers were sliced using aseptic techniques and blended for 145 90 s at medium speed using a Waring Commercial Blender 700S (Torrington, CT, USA) 146 equipped with sterilized glass cups. Fermented cucumbers were blended together with the 147 fermentation cover brine in a 50:50 ratio. Cucumber slurries were homogenized using a Seward 148 Stomacher 400 (Bohemia, NY, USA) in 6" x 4.5" filter stomacher bags for 1 min at maximum 149 speed. One mL aliquots of the filtered homogenate were spun at 15,294 rcf for 10 min in an 150 Eppendorf benchtop refrigerated centrifuge 5810R (Hamburg, Germany) to remove residual 151 particulate matter. Supernatants were used for HPLC analyses conducted as described below. Ingredients, Atlanta, GA, USA), 10.1 mM calcium hydroxide (Ca(OH) 2 ) (Sigma-Aldrich) and 44 208 mM acetic acid, added as 20% vinegar (Fleischmann Vinegar, MO, USA) to adjust the initial pH 209 to 4.7 ± 0.1. At the end of these fermentations the pH was measured at 3.3 ± 0.1 and the media 210 contained 0.5 ± 0.2 mM and 1.69 ± 0.6 mM glucose and fructose, respectively, as determined by 211 HPLC conducted as described below. The cover brine and juice from this fermentation was used 212 to prepare FCJM. 213 The FCJM derived from each cucumber lot were independently used and supplemented 214 with trehalose (US Biological, cat. # T8270, 99.7% purity), xylose (Sigma-Aldrich, 99% purity) 215 or L-citrulline (Sigma-Aldrich, 98% purity). The pH of the supplemented and un-supplemented 216 FCJM was adjusted to 4.7 ± 0.1 or 3.7 ± 0.1 as indicated in the text using a 5N NaOH solution 217 (Spectrum Chemicals, NJ) and 3N hydrochloric acid (HCl) (Spectrum Chemicals fermentations or the FCJM. The FCJM was inoculated to 10 5 CFU/mL. The optical density at 230 600 nm of the MRS cultures was measured and used to adjust the inoculation level. A sterile 231 0.85% sodium chloride (NaCl) solution was used to adjust the inocula concentration as needed. 232 Inocula with mixed cultures were prepared by combining the cells suspension in saline solution 233 so that each strain will be at 10 5 CFU/mL in the experimental medium. 12 235 2.7. Analysis of the ability of certain LAB to utilize xylose, trehalose and L-citrulline in 236 fermented cucumber juice 237 The fermented cucumber juice medium prepared as Aldrich, cas # 57-48-7, 99% purity) were used as positive controls. The supplemented media 243 were filter-sterilized using 0.2 µ filtration units (Nalgene ® -Rapid Flow TM , Thermo Scientific) 244 after adjusting the pH of the media to 4.7 ± 0.1 (Accumet® Research 25 pH meter, Fisher 245 Scientific) using 5N NaOH (Spectrum Chemicals, NJ, USA). Aliquots of 10 mL of each 246 supplemented FCJM were transferred to 15 mL conical plastic tubes (cat. # 430766; Corning 247 Incorporated, Corning, NY, USA) prior to inoculation with a mixture of the three strains of L. 248 plantarum, L. pentosus, L. brevis or L. buchneri as described in Table 1 . The inocula were 249 prepared as described above. All tubes were incubated at 30 °C for 7 days to enable the 250 utilization of energy sources under conditions simulating post-fermentation. Negative controls 251 were not inoculated. Samples were aseptically collected at the end point and serially diluted in 252 0.85% saline solution prior to plating, which was done as described below. The concentration of 253 xylose, trehalose, and L-citrulline remaining in the media after secondary fermentation were 254 measured by HPLC performed as described above. The concentrations of glucose, fructose, 255 lactic acid, acetic acid and ethanol present in the FCJM after incubation for 7 days were 256 measured using HPLC analysis as described below. were inoculated with L. buchneri (LA0030, LA1149, and LA1147) ( Table 1 ). All tubes were 295 incubated at 30 °C for 7 to 10 days, depending on the extent of growth observed. Samples for the 296 enumeration of L. buchneri, pH measurement and HPLC analyses were aseptically collected and 297 processed as described above. (Table   318 1). The inocula were prepared as described above. Samples were collected on days 0, 3, 7, 10, 319 30, 36 and 60 using aseptic techniques for spiral plating, pH measurements and HPLC analyses 320 conducted as described above. Concentrations of trehalose, xylose and L-citrulline were determined in fresh cucumbers 325 and commercial cucumber fermentations. Trehalose was only detected in two out of the three 326 samples tested collected from commercial cucumber fermentations that were 3 days old to 15.51 327 ± 1.68 mM (Table 2) . Xylose was found in 1 out of 4 fresh cucumber samples to 36.05 mM and 328 was not detected on samples of commercial cucumber fermentations. Decreasing concentrations 329 of L-citrulline were found in fresh cucumbers and samples of commercial cucumber 330 fermentations collected on days 3 and 38 to 1.65 ± 0.63, 0.85 ± 0.36 and 0.65 ± 0.07 mM, 331 respectively ( Table 2) . As expected, glucose and fructose concentrations decreased as a function 332 of the fermentation age ( Evaluation of the metabolic potential of certain LAB to utilize trehalose, xylose, and L-342 citrulline was done using putative metabolic pathway analysis (Table 3) . Table 3 shows the 343 results generated using 98, 3, 7, 21 and 6 genome sequences corresponding to L. plantarum, L. 344 pentosus, P. pentosaceus, L. brevis and L. buchneri. Finished genome sequences, permanent 345 drafts and draft sequences were used for the analysis. The metabolic potential analysis suggests 346 that trehalose, a disaccharide, could be converted to D-glucose via the trehalose phosphorylase 347 enzyme (EC 2.4.1.64) found in more than 97% of L. buchneri and L. brevis strains and some of 348 the L. plantarum and L. pentosus genomes (Table 3) . However, the trehalose phosphorylase 349 putative coding gene was missing in all of the P. pentosaceus genomes included in the analysis 350 (Table 3) . It was also found that putatives D-xylose-5-Phosphate 3-Epimerase (EC 5.1.3.1) and 351 Xylulokinase (EC 2.7.1.17) are commonly encoded by the L. buchneri genomes and less 352 typically by the L. plantarum genomes (Table 3) Glycolysis; and are absent in the L. buchneri genome sequences (Table 3 ). More than 97% of the 360 L. plantarum, L. pentosus, and P. pentosus genome sequences encode for enzymes involved in 361 Glycolysis, while only 97 to 5% of the L. brevis genome sequences encode for the proteins 362 involved in such pathway. The L. buchneri genome sequences do not encode for key enzymes 363 involved in Glycolysis, particularly those converting D-Glyceraldehyde-3-Phosphate to smaller 364 products. 365 More than 97% of the L. plantarum, L. pentosus, and L. buchneri genome sequences 366 included in the analysis encode for putative genes associated with L-citrulline metabolism. L-367 citrulline could be converted to fumarate or arginine via L-citrulline-aspartate ligase (EC 6.3.4.5) 368 and arginine-succinate lyase (EC 4.3.2.1) (Table 3) . Additionally, all the P. pentosaceus and L. 369 buchneri genomes analyzed encode for a putative arginine deiminase which interconverts L-370 citrulline to arginine. More than 85% of the L. brevis genome sequences encode for a putative 371 arginine deiminase (Table 3) . 
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The LAB that are known to homoferment or heteroferment produced mostly lactic acid or 375 a mixture of lactic acid, acetic acid and ethanol, respectively, in FCJM supplemented with 376 glucose or fructose (Table 4 ). Ethanol was not produced by the heterofermenters, L. brevis and L. 377 buchneri, from fructose (Table 4 ). Substantial differences were observed in the FCJM pH and 378 LAB colony counts by the end point of the second fermentation regardless of the species tested. 379 However, the sum of the amounts of lactic acid, acetic acid and ethanol produced substantially 380 surpassed the theoretical production levels based on carbon balance (Table 4 ). It is speculated 381 that although the primary fermentation removed more than 99% of the detectable glucose and is also considered. About 20 to 30 mM of the hexose-derived carbon was still not accounted for, 392 which was presumed to be assimilated by the biomass. (Table 4) . 395 L. brevis and L. buchneri converted xylose to lactic acid and acetic acid but not ethanol, dropped 396 the pH from 4.7 ± 0.1 to about 4.2 and doubled their cell densities, reaching colony counts above 397 8 log CFU/mL (Table 4) . On the contrary, no increases in cell densities were observed in FCJM 398 inoculated with L. plantarum or L. pentosus, suggesting such cells were not energized by xylose 399 (Table 4) . 400 The opposite pattern from xylose utilization was observed for trehalose catabolism. 401 Trehalose was converted to lactic acid by L. plantarum and L. pentosus with the consequent 402 decrease in pH to 3.7 and an increase in cell density above 8 log CFU/mL (Table 4 ). L. brevis 403 did not utilize trehalose and L. buchneri partially utilized trehalose (2.36 ± 1.44) converting it to 404 lactic and acetic acids and deriving sufficient energy for growth and some acidification (Table   405   4 ). 406 L. buchneri was unique in utilizing L-citrulline and deriving energy for growth with 407 minimal changes in pH (Table 4 ). An increase in the FCJM L-citrulline concentration was 408 measured from samples inoculated with L. plantarum, L. pentosus and L. brevis with significant 409 decreases in pH and increases in colony counts (Table 4) . Although, L. plantarum, L. pentosus 410 and L. brevis were unable to utilize L-citrulline, they produced small of amounts of the amino 411 acid and were able to grow in the FCJM supplemented with it (Table 4 ). (Table 5) . A slight decrease in pH was observed when L-citrulline was co-utilized with glucose 419 by L. buchneri in FCJM at pH 4.7, supplemented with the amino acid and the sugar. Co-420 metabolism of 10.44 ± 0.9 mM L-citrulline with 16.49 ± 5.3 mM glucose prevented the 421 formation of ornithine and ammonia and resulted in the equimolar production of lactic acid 422 (21.41 ± 9.84 mM) and acetic acid (20.72 ± 12.08 mM) ( Table 5 ). Production of ammonia and 423 ornithine was observed in the non-supplemented FCJM in which an increase in colony counts of 424 2 log of CFU/mL was detected ( Table 5 ). Supplementation of the FCJM with 16.49 ± 1.06 mM 425 glucose resulted in some production of acetic and lactic acids within the 10 days of incubation 426 with minimal changes in pH and colony counts (Table 5) . 427 Minimal changes in the concentration of L-citrulline, pH and ammonia production were 428 observed after 10 days of incubation in the FCJM at pH 3.7, supplemented with L-citrulline and 429 inoculated with L. buchneri (Table 5 ). However, there was a 1 log of CFU/mL increase in colony 430 counts from MRS agar plates. Supplementation of the FCJM with glucose and L-citrulline (pH 431 3.7 ± 0.1) enabled a 2.5 log of CFU/mL increase in colony counts, production of lactic acid (2.55 432 ± 4.36), acetic acid (20.96 ± 2.32) and ammonia (3.18 ± 2.90) and an ending pH of 3.74 ± 0.14 433 ( Table 5 ). The absence of L-citrulline in FCJM supplemented with glucose (pH 3.7 ± 0.1) 434 resulted in the utilization of 12.71 ± 1.13 mM of the hexose, which was converted to 6.90 ± 3.70 435 mM lactic acid and 11.97 ± 2.04 mM acetic acid with an ending pH of 3.62 ± 0.07 after 7 days of 436 incubation (Table 5 ). In the absence of supplements in the FCJM at pH 3.7, L. buchneri did not 437 proliferate, maintaining a colony count at 5.2 ± 0.12 (Table 5) . Table 6 . Utilization of trehalose, L-citrulline and xylose was observed in 451 treatments 1, 2 and 3 with the disaccharide as the preferred substrate over xylose, but not L-452 citrulline ( Table 6 ). The FrCJ medium pH decreased from 5.00 ± 0.01 to 3.40 ± 0.01 after 36 453 days of incubation (Table 6 ). Colony counts from MRS agar plates increased from 5.0 log 454 CFU/mL to 8.1 ± 0.32 log CFU/mL by day 3 and were at 7.48 ± 0.47 log CFU/mL on day 10 455 (Table 6 ). Cell densities decreased to 3.51 ± 0.05 and 2.71 ± 0.28 log CFU/mL by days 30 and 456 36, respectively. However, a second increment in colony counts from MRS plates was observed 457 on day 60 to 5.26 ± 0.01 log CFU/mL in the FrCJ (Table 6 ). The exclusion of L. pentosus from 458 the inocula in treatment 4 resulted in a more complete utilization of the alternate energy sources, 459 xylose, trehalose and L-citrulline after 10 days of incubation, an end fermentation pH of 3.5 ± 460 0.02, slightly higher than the standard end of fermentation pH which fluctuates between 3.3 and 461 3.0 and the highest production of acetic and lactic acids at about 157 mM as compared to 117 to 462 125 mM in the other treatments (Table 6 ). Xylose utilization was initiated earlier in the 463 fermentation, 27.97 ± 3.27 mM less lactic acid was produced, the amount of acetic acid formed 464 doubled as compared to treatment 1 and a steady drop in colony counts to 5.17 ± 0.20 occurred 465 by 60 days of incubation (Table 6 ). Exclusion of L. buchneri from the inocula used in treatment 466 1, essentially inoculation with L. pentosus and L. brevis presented trends in substrate utilization 467 and fermentation end product formation that were similar to treatment 1, except for a reduction in 468 acetic acid production by about 15 mM and some fluctuations in colony counts after 30 days of 469 incubation (Table 6 ). Treatment 6 was inoculated with L. brevis alone to 4 log CFU/mL. L. 470 brevis utilized more xylose than the corresponding amount utilized in treatment 1 but less than in 471 treatment 4, which also contained L. buchneri (Table 6 ). L-citrulline was also removed by L. 472 brevis in treatment 6, which presented a final pH of 3.54 ± 0.04 (Table 6) . As suggested by the data presented in Table 2 , only L-citrulline was detected in the FrCJ 477 medium utilized for this experiment (Table 7) . Inoculation of FrCJ medium with L. pentosus to 2 478 log CFU/mL and L. brevis to 3 log CFU/mL (treatment 1) resulted in the presence of traces of L-479 citrulline (0.52 ± 0.29 mM) in the medium after 60 days of incubation, production of 65.66 ± 480 5.73 mM lactic acid and 33.73 ± 4.22 mM acetic acid and an ending pH of 3.51 ± 0.06 with 481 viable colony counts from MRS plates at 4.44 ± 0.40 log CFU/mL ( Table 7) . Inoculation of the 482 FrCJ medium with L. brevis alone to 4 log CFU/mL (treatment 2) resulted in an incomplete 483 fermentation with the production of 34.00 ± 17.33 mM lactic acid, 37.06 ± 1.30 mM acetic acid, 484 an ending pH of 4.06 ± 0.18 and viable colony counts from MRS agar plates at 4.71 ± 0.02 485 (Table 7) . However, use of a tripartite starter culture of L. pentosus inoculated to 2 log of 486 CFU/mL, L. brevis inoculated to 3 log CFU/mL and L. buchneri inoculated to 2 log CFU/mL 487 (treatment 3) resulted in the complete removal of L-citrulline, mostly occurring between days 10 488 and 30, and the production of 58.65 ± 6.63 mM lactic acid and 36.05 ± 3.48 mM acetic acid with 489 an end of fermentation pH around 3.64 ± 0.01 and viable colony counts at 5.02 ± 0.24 log 490 CFU/mL (Table 7) . No changes in lactic and acetic acids concentrations were observed in the 491 FrCJ medium inoculated with the three cultures after day 10 (Table 7) . Colony counts for 492 treatment 3 did not increase after day 10 either (Table 7) . determined. It was found that xylose is occasionally present in fresh cucumbers but disappears 502 from fermentations before day 3 (Table 2) . Trehalose is often produced between day 1 and 3 of 503 commercial cucumber fermentations, suggesting that the indigenous microbiota is responding to 504 the osmotic stress in cover brines containing at least 5.8 % sodium chloride (NaCl) in an effort to 505 retain viability (14, 41, 16, 15). L-citrulline is present in fresh cucumbers and at the end of 506 commercial fermentations (Table 2) . Thus, the removal of L-citrulline becomes a target in the 507 prevention of growth of spoilage organisms such as L. buchneri during or after fermentation. 508 To define the ability of certain LAB to utilize potential alternate energy sources a FCJM 509 was used as a model system to mimic conditions post-fermentation. The LAB tested were able to 510 metabolize glucose and fructose in FCJM and generate an increase in cell densities of about 2.5 511 to 3 log CFU/mL (Table 4 ). This observation suggests there are sufficient essential nutrients for 512 growth of LAB in FCJM and that the reduction in pH after a fermentation is apparently 513 completed is the main factor stopping further proliferation and lactic acid production. The lack of 514 carbon balance using the data collected from the fermentation of FCJM supplemented with 515 glucose and fructose suggest an uncoupling with regards to the consumption of the sugars and its 516 conversion to end products such as lactic acid, acetic acid and ethanol (Table 4 ). Such 517 uncoupling highlights the need to consider a cucumber fermentation completed only after all the 518 carbon is accounted for instead of the time when glucose and fructose are no longer detectable. 519 The same imbalance in the carbon consumed vs. produced applied towards the end of the FCJM 520 fermentation, which was still missing between 20 and 30 mM of the carbon consumed as hexoses 521 (Table 4 ). Nevertheless, the fact that LAB can proliferate in FCJM if the pH is adjusted above 522 3.3 ± 0.1, suggest that fermented cucumbers are more microbiologically unstable than it was 523 presumed. 524 As expected, trehalose was utilized in FCJM under conditions similar to those present after 525 cucumber fermentations are completed by the LAB that prevail in commercial cucumber 526 fermentations, L. plantarum and L. pentosus (40), and to a lesser extent by L. buchneri. 527 Trehalose uptake by lactobacilli and pediococci is facilitated by phosphotransferases and 528 intracellular phosphor-glycosyl hydrolases (42, 21, 43, 41, 26, 44, 45, 6). The putative metabolic 529 potential to utilize trehalose was identified in this study for 97% of the L. buchneri and L. brevis 530 genome sequences included in the bioinformatic analysis and some of the L. plantarum and L. 531 pentosus genome sequences, but not for the P. pentosaceus genome sequences. In line with the 532 observations made by others, L. brevis did not utilize trehalose in FCJM even though the putative 533 enzymes involved in its metabolism were found in the genome sequences studied (Table 3) (21,   534 26, 44, 45, 6). The L. brevis utilized in this study were isolated from vegetable fermentations and 535 beer and are underrepresented in the pool of genomes that are currently publicly available (Table   536 3). 537 Utilization of the pentose, xylose, by L. plantarum and L. pentosus has been discussed in 538 the literature given the use of such a trait to establish L. pentosus as a species apart from L. the Xylulokinase were frequently detected in the L. buchneri genome sequences but seldom 543 found in the L. plantarum genomes ( Table 3 ). The genomes of several strains of L. pentosus, P. 544 pentosaceus, and L. brevis also harbored some of the putative genes (Table 3) (Table 4 ). It has been reported that strains of L. brevis and L. plantarum are able to ferment 552 xylose via the Phosphoketolase Pathway (24). Specific strains of P. pentosaceus and L. pentosus 553 were found to metabolize xylose, but not L. buchneri and L. plantarum by another group (19, 20, 554 21, 22, 23). The L. buchneri genome sequences were found to be severely impaired with regards 555 to putative genes coding for enzymes involved in xylose utilization and the end of glycolysis 556 (Table 3) . However, L. buchneri ATCC4005, LA1147 and LA1149 utilized nearly all the xylose 557 supplemented in the FCJM (18.65 ± 0.49) converting it to lactic acid and acetic acid, dropping 558 the pH from 4.7 ± 0.1 to about 4.2 and deriving energy for growth to 8 log CFU/mL (Table 4) . 559 Thus, it was apparent that the ability of specific LAB strains to utilize xylose is dependent on 560 their niche and/or culture conditions. 561 The ability of L. buchneri to utilize L-citrulline under conditions similar to those present in 562 commercial cucumber fermentations after glucose and fructose are consumed was confirmed in 563 this study. Genes coding for the L-citrulline-aspartate ligase and the arginine-succinate lyase were 564 commonly found in the L. plantarum, L. pentosus, and L. buchneri genome sequences, but not in 565 the L. brevis and P. pentosaceous genome sequences (Table 3 ). All the P. pentosaceus and L. 566 buchneri genome sequences and more than 85% of the L. brevis genomic sequences were unique 567 in encoding for a putative arginine deiminase which interconverts L-citrulline to arginine (Table   568 3). Arginine deiminase is used by LAB to convert arginine into L-citrulline as an intermediate 569 and then to ammonia, ornithine, ATP, and CO 2 (35, 50, 30, 51, 50, 30). However, L. buchneri 570 was unique in utilizing L-citrulline and deriving energy for growth with minimal changes in pH 571 (Table 4 ). This observation is consistent with those made by others from wine fermentations (51, 572 50, 30). An increase in the FCJM L-citrulline concentration was measured from samples 573 inoculated with L. plantarum, L. pentosus and L. brevis with significant decreases in pH and 574 increases in colony counts, suggesting the conversion of arginine naturally present in the 575 medium to the non-proteinaceous amino acid (Table 4) . Several studies focusing on wine 576 fermentations showed that a strain of L. buchneri (CUC-3) can metabolize either arginine or L- (Table 5 ). L-citrulline was 588 utilized in the presence of limiting glucose and converted to ammonia and ornithine inducing an 589 increase in pH ( Table 5 ). The presence of glucose enable the conversion of L-citrulline into an 590 unidentified product, which is presumed to be arginine that had been incorporated into biomass or 591 other metabolic activity, but not to ammonia or ornithine (Table 5) Table 6 demonstrates inoculation of a mixed starter culture of L. brevis and L. buchneri removal of all the three alternate energy sources supplemented, the highest production of lactic 602 and acetic acids and an ending pH higher than that observed when L. pentosus was inoculated. 603 These observations suggest that the utilization of L-citrulline could have raised the pH enabling 604 more acid production and a higher end of fermentation pH. Additionally, diversion of the sugars 605 to acetic acid instead of lactic acid could have contributed to a higher final pH. Acetic acid has a 606 higher dissociation constant as compared to lactic acid. Interestingly, no changes in pH were 607 observed after the primary fermentation was completed by L. brevis and L. buchneri suggesting 608 microbial stability for about 50 days under anaerobiosis (Table 6) . 609 Utilization of a mixed starter culture of L. pentosus, L. brevis and L. buchneri in FrCJ 610 medium resulted in the removal of L-citrulline immediately after the conversion of sugars to 611 lactic acid and acetic acid, a slightly higher pH as compared to cultures inoculated with L. brevis 612 and L. pentosus and stable colony counts from MRS agar plates (Table 7) . The use of a mixed 613 culture of L. pentosus and L. brevis resulted in the presence of L-citrulline in the FrCJ medium 614 after the primary fermentation was concluded ( Table 7) . Utilization of L. brevis alone resulted in 615 the partial utilization of xylose and an incomplete fermentation. The use of a tripartite starter 616 culture for the fermentation of cucumber is a viable strategy to prevent spoilage of fermented 617 cucumbers during bulk storage that merits further investigation. 618 It is concluded that the occasional presence of trehalose and xylose in commercial 619 cucumber fermentations does not represent a steady alternate energy source for spoilage 620 organisms given that the sugars can be metabolized by the LAB prevailing in the system, L. L. plantarum, L. pentosus, P. pentasaceus, L. brevis, and L. buchneri) . Each row represents the percentage of a 811 specific lactic acid bacterium genomes that encode for the corresponding putative enzyme described on the fifth column in a metabolic 812 pathway. All types of genome sequences were included in the analysis (finished, draft, and permanent drafts). LAB species are listed 813 at the top of the table and the number of strains per species is listed at the bottom. The enzyme name & Enzyme Classification (EC) 814 number, the type of pathway, target, organic compound utilized, and expected products are listed in the right four rows, respectively. 815 The colored boxes mark the number of strains coding for a specific putative enzyme where red, blue, green and yellow represent more 816 than 97%, between 97 and 5%, less than 5% and missing genes, respectively. Table 5 . Utilization of L-citrulline by Lactobacillus buchneri in the presence of glucose. The initial fermented cucumber juice medium 835 pH was adjusted to 4.7 or 3.7 ± 0.1. Values for metabolic end products (mM), pH and colony counts determined from Lactobacilli MRS 836 Agar plates are shown. The amount of lactic acid and acetic acid produced were calculated from the total amounts easured in the FCJM 837 from samples collected after seven days of incubation minus the concentrations detected in the Non-Inoculated FCJM. While no significant 838 difference was determined between the treatments and control values for cultures with an initial pH of 3.7 ± 0.1 (p>0.05), a significant 839 difference was observed in the pH values measured from treatments and control corresponding to cultures with an initial pH of 4.7 ± 0.1 840 (p<0.05) using an ANOVA test. Minimal limit of detection for metabolites was < 10 µM. 
